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ABSTRACT

One of the most challenging activity in the engineering design process is the definition of a framework
(model and parameters) for the characterization of specific processes such as installation and
assembly. Aircraft system architectures are complex structures used to understand relation among
elements (modules) inside an aircraft and its evaluation is one of the first activity since the conceptual
design. The assessment of aircraft architectures, from the assembly perspective, requires parameter
identification as well as the definition of the overall analysis framework (i.e., mathematical models,
equations).

The paper aims at the analysis of a mathematical framework (structure, equations and parameters)
developed to assess the fit for assembly performances of aircraft system architectures by the mean of
sensitivity analysis (One-Factor-At-Time method). The sensitivity analysis was performed on a
complex engineering framework, i.e. the Conceptual Design for Assembly (CDfA) methodology,
which is characterized by level, domains and attributes (parameters). A commercial aircraft cabin
system was used as a case study to understand the use of different mathematical operators as well as
the way to cluster attributes.
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1 INTRODUCTION

The development of a new product (product development process - PDP) is a complex activity where
several engineering disciplines are involved. The PDP is part of the engineering design process and it
consists of few phases: i) conceptual design, ii) embodiment design, and iii) detail design (Pahl and
Beitz, 2007). To support and optimize the PDP different methods and tools have been developed. These
methods are called Design for X (DfX), where the X is substituted with the optimization goal. The
earliest DfX methods developed were focused on the optimization of the product manufacturing and
assembly aspects (Krishnan & Ulrich, 2001; Selvaraj et al., 2009; Favi et al., 2016). It has been shown
that the assembly phase might impact up to the 40% of the final product cost (Pahl and Beitz, 2007) and
this savings is more relevant for large and complex products, such as an aircraft (Bullen, 1999). Design
for assembly methods are well-know and largely applied in industries with good results: the Boothroyd-
Dewhurst (B&D) (Boothroyd et al., 2011), the Hitachi method (AREM) (Suzuki et al., 2003), and the
Lucas method (Stone et al., 2004). Unfortunately, these methods require information of high granularity,
only available at late design phase. To avoid this drawback, it is possible to anticipate the application of
these methods at earlier design phases (i.e., conceptual phase). The main challenge working at the
conceptual phase is the quantity and the type of information available. Indeed, information is
characterized by low level of granularity and usually represented using functional schemes (Favi et al.,
2018). Functional schemes are valuable tools especially for creating modular products, where a module
is defined as a group of functional carriers, meaning a component or element that clusters different
functions together (Baylis et al., 2018, Bonvoisin et al., 2016). Many principles are available in literature
to obtain modular products (Yu et al., 2011; AlGeddawy and ElMaraghy 2013) and an interesting
overview of methods available in literature is proposed by Bonvoisin et al. (2016). The description of
how functions and modules are allocated to physical components is called product architecture (Chen et
al., 2018). Some authors tried to anticipate the application of DFA methods at the conceptual design
phase, working with product architectures (Stone et al., 2004; Favi and Germani, 2012). A method called
“Conceptual Design for Assembly” (CDfA) was proposed by Bouissiere et al. (2019) with the aim to
assess assembly complexities in aircraft industry, analysing product architecture concepts at the early
design phase. Although this method seems to provide results which are fitting with main issues observed
in the assembly line, it is not clear the implication that each parameter of the proposed method has on the
result. To address the influence of design parameters on a given model, sensitivity analysis (SA) is
considered a suitable tool. SA is a method for quantifying parameters uncertainty in any type of model
(Marino et al., 2008; Ravalico et al., 2005; Hamby, 1994) by two different approaches: i) local analysis
and ii) global analysis. The former focuses on one parameter at time, assessing its variation with respect
to its nominal value; the latter tries to understand how the change of multiple parameters may affect the
model result (Campolongo et al., 2007). One of the most used method used for local analysis is the One-
Factor-At-Time (OFAT) that consists of changing one parameter at times, keeping other fixed (Saltelli et
al., 2006). The OFAT approach is well-known in literature and it has been used in many fields (i.e.,
environmental, financial, etc.) (Saltelli and Annoni, 2010). However, many authors state OFAT method
is not reliable to identify parameters correlation, especially in complex models such as environmental
models, climate models, etc. (Czitrom, 1999; Saltelli and Annoni, 2010; Pianosi et al., 2016).

The aim of this paper is to propose a SA for the CDfA methodology proposed by Bouissiere et al.
(2019), to understand how the results of the CDfA model developed to describe the system of interest
is affected by the model itself (mathematical operators) and parameters (herein called attributes). The
framework behind the CDfA methodology is characterized by domains (which are grouping different
attributes belonging to a common aspect), levels (which are decomposing the original problems in
discrete sub-problems based on system invariants) and mathematical equations that are used to
combine attributes inside domains and between levels. The paper investigates the meaning of using
different mathematical operator for clustering attribute’s scores inside domain by analysing three
operators: (i) the Root Mean Square (RMS), (ii) the Mean, and (iii) a custom operator developed for
the system of interest. The method used in this paper is the One-Factor-At-Time (OFAT) due to: (i)
the easiness of the mathematical model analysed, (ii) the assumption of model linearity, and (iii) the
origin of data (i.e., the model analysed was not obtained through experiments). RMS is chosen every
time a conservative result is desired and a large discrepancy among scores is noticed (i.e., to cluster
scores of attributes inside the same domain due to their variability) while the Mean operator is chosen
when score’s attributes has been already processed (i.e., to cluster scores of different domains). The

732 ICED21

https://doi.org/10.1017/pds.2021.73 Published online by Cambridge University Press


https://doi.org/10.1017/pds.2021.73

novelty of the paper lies in the possibility to use the results obtained by the SA to help designers and
product architects to accurately understand the CDfA model used and to tune it accordingly to the
system of interest. The tuning process can be performed in several ways: (i) by changing the number
of attributes inside domains, (ii) by changing domains level, and (iii) by modifying the model
equations (i.e., changing the mathematical operator or using a specific weight). However, the weighing
process is not recommended since it will introduce engineer judgments inside the model. A specific
case study concerning the application of the CDfA methodology to the aircraft cabin equipping is
reported within this study to show how the model and the related parameters fit with the criticalities
observed in the cabin assembly line. The outcome allows to understand the implications of attributes,
domains, and levels on the overall final score. After this Introduction (Section 1), the method used to
perform the sensitivity analysis is described in Section 2. Then, the cabin of a commercial aircraft is
analysed as a relevant case study (Section 3). Results are discussed in Section 4 and, finally,
Conclusions are presented in Section 5.

2 MATERIAL AND METHOD

The Conceptual Design for Assembly (CDfA) is a method aiming at assessing assembly complexities
of product architectures (i.e., module installation) at the conceptual design phase (Bouissiere et al.
(2019)). The method consists of a framework developed by the definition of three types of
information: (i) attributes, (ii) domains and (iii) levels. An attribute (A) is a key feature that influences
assembly operations, and it is referred to a specific aspect related to the assembly operation. A domain
is a cluster of one or more attributes that address the same assembly aspect and provides the same
meaning for each designer/engineer. Finally, a level is defined as a group of domains. Levels are used
to divide the main problem (i.e., overall product architecture) into sub-groups of smaller complexities.
To move from one level to another one is necessary to define a product invariant. A product invariant
is a design feature that does not change and cannot be changed withing the product under study. Once
the model is completed, a hierarchical structure is obtained (Figure 1).
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Figure 1. CDfA hierarchical structure

Attributes represent different heterogeneous information, and they need to be normalized before to
combine them in a given model. Thus, using scoring matrices it is possible to translate attribute data
(numbers or strings) in score ranging from one (1) to five (5) (Favi et al., 2020). Finally, after the
normalization phase, scores are aggregated by mathematical operators (equations). Starting from the
lowest level, attributes” scores inside a domain are collected using a function g(-) to obtain one single
score per domain for each analysed element (i.e., module). The process is repeated for all domains inside
the level. Then, domains’ scores are moved to the upper level using a function f(+). The function f(*) is
chosen based on the level invariant. The overall process (i.e., collection of attributes’ score with function
g () and collection of domains’ score with function f(+)) is repeated until the Main Level is reached.
The Main Level assembles all domains defined in the hierarchical structure with a single score for each
module analysed within the system of interest. To keep the model straightforward, the process of
aggregation is performed using simple mathematical operators such as the Mean operator, the Root
Means Square, the Maximum operator, the Minimum operator, etc. Then, when results are obtained, it is
possible to tune the model by using different operators with the aim to better resemble the reality of the
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system under analysis. Further explanations regarding the CDfA approach and the modelling process can
be found in works of the same authors (Formentini et al., 2020; Favi et al., 2020; Bouissiere et al., 2019).
Since the mathematical model of the CDfA is done independently from the definition of attributes,
domains, and levels, it requires an impact assessment on the final score. The sensitivity analysis is a
handful tool that allows to clear understand the correlation among parameters on a model. Among all the
techniques available in literature, the One-Factor-At-Time (OFAT) approach is used to perform the
sensitivity analysis on the CDfA hierarchical structure. The OFAT approach consist of: (i) defining a
baseline for the parameters under study, (ii) varying one parameter at time, keeping other fixed, (iii)
computing the variation of input with respect to the out, and (iv) computing the sensitivity as the ratio
between A output and A input. An attribute is considered more sensitive with respect to the output if a
slightly change of the attribute value will generate a significant output change. From a geometrical point
of view, the sensitivity of a parameter is the angle a (Figure 2).

QOutput
-
. - o= A Output

0, /. 4 Input
P A Output l; =Output Value
o, ~a l, =Input Baseline

/ - A Input Ob = Qutput Baseline
0O, = Output Value
Iy Iy Input

Figure 2. Attribute sensitivity geometrical interpretation

The sensitivity analysis on the CDfA methodology is performed following 4 steps (Figure 3).
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Figure 3. SA workflow

The first step (Model definition) consists of creating the CDfA framework (model structure) that will
be used to model the architecture of the product under study. Indeed, the CDfA framework is a general
structure that can be applied for all aircraft’s systems to assess manufacturing and assembly aspects,
but it needs to be specialized according to the chosen system of interest (i.e., nose-fuselage, cabin,
etc.). Thus, different CDfA frameworks might be obtained according to the product considered, to the
information available and to elements analysed (i.e., modules or interfaces). Once the framework is
obtained, the second step (Mathematical structure definition) consists of choosing mathematical
operators to link scores inside the defined hierarchical structure. Along with the mathematical
operators used, different parameters sensitivity may be achieved. It is possible to perform the SA
multiple times changing mathematical operators to understand which mathematical operator is more
suitable for the desired application. The third step (SA method choice) consist of determining the
sensitivity analysis method. The choice of the SA is strictly related to the mathematical model defined
in second step. For instance, if equations chosen to collect scores present attributes interdependencies
a global SA method should be preferred. The final step deals with the assessment of the attribute’s
sensitivity (SA application). The analysis can be performed using already available tools or, according
to the complexity of the SA method chosen, it is possible to automatize the SA using spreadsheets.

3 CASE STUDY

The OFAT SA was performed on the CDfA model created to assess the assembly complexity of Cabin
modules of the aircraft Airbus A330 (Figure 4).
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Figure 4. A330 cabin and modules

The model created for the cabin assessment is composed by only one level due to the characteristic of
the system of interest (cabin) that does not require a further discretization in additional levels. In the
first level, four different domains were identified: i) mechanical domain with five attributes, ii)
furnishing domain with two attributes, iii) system interface domain with five attributes, and iv)
handling domain with four attributes. The hierarchical structure is represented in Figure 5, where
attributes are indicated with their ID (e.g., A.1, A.2, A.3, etc.) and their name. For the sake of brevity,
in the following paragraph, attributes are identified only by their ID.
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Figure 5 - Cabin hierarchical structure

The analysis was performed to assess the assembly complexity of modules inside the cabin. A module
is an element that by means of tools need to be fixed inside the cabin and linked with mechanical and
system interfaces. For instance, hat racks, toilets, seats, and galley are considered cabin modules.
According to the cabin analysed, different modules and different quantities might be present. The
mechanical domain collects attributes referring to the mechanical fixation of modules to the aircraft
structure, the furnishing domain clusters attributes expressing the modules’ aesthetics features, while
the system interface domain groups attributes reflecting the interfaces (electrical connections, pipes,
etc.) that are required by modules to work properly and, finally, the handling domain collects attributes
referring to the module handling process (i.e., move the module inside the cabin, keep the module in
place while installing it, etc.). The analysis was performed using results of the CDfA for a given
architecture and two modules were used as baseline:
— baseline 1 (BS1) - the module Hat-Rack A,
— baseline 2 (BS2) - the module Galley B.

The analysis was repeated two times (i.e., I, Il) using different mathematical operators to cluster
attributes inside domains. Specifically, for the first analysis (I), the mechanical, furnishing and
handling domains were clustered with equation 1 (RMS), while the System Interface Domain with
equation 3. For the second analysis (Il) the mechanical, furnishing and handling domains were
clustered with equation 2 (Mean) while the System Interface Domain with equation 4. Equations 3 and
4 used for the System Interface Domain were developed according to the engineering knowledge to
better model the CDfA Cabin outcomes.
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Finally, the domain scores obtained were collected with a Mean operator for each module that is
installed within the cabin. The OFAT method was implemented as a macro inside a spreadsheet. For
each baseline, one attribute at time was changed, keeping others fixed and the value A Input (equation
4), A Output (4 5) and Final Score were recorded for each result and the Sensitivity (equation 6) was
computed.

(3) A Input = |Baseline Input — Input Value|

(4) A Output = |Baseline Final Score — Final Score|
A Output
A Input

For the sake of brevity, results obtained with BS2 (Galley B), for the attribute Number of Mechanical
Interfaces during the two runs are presented in Figure 6. It is worth noting that, when the input value is
equal to the benchmark value, the sensitivity cannot be computed (i.e., N/D value is shown).

(5) Sensitivity =
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Figure 6. Number of mechanical interfaces (BS2 - Galley B) a) run |, b) run |l

4 RESULTS AND DISCUSSIONS

The first analysis was run to understands the sensitivity of the CDfA results when the RMS operator is
used to collect data inside a domain. In the case of the cabin, RMS operator is used for three of the four
domains (mechanical, handling and furnishing). Here below are reported two results (Figure 7)
concerning the two baselines (BS1 Hat Rack A (left) and BS2 - Galley B (right)), in the case of the
mechanical domain where five attributes are aggregated by RMS operator. The two graphs report in
the x-axis the input values (i.e., from 1 to 5) and in the y-axis the related sensitivity values. It is worth
noting that one attributes (i.e., A.1) has all the values within the range, while other attributes have only
a limited set of values within the same range. This aspect is due to possible alternatives (i.e., input
values) that a given attribute can adopt. When different baselines (i.e., modules) are considered, the
general trend is confirmed, meaning the sensitivity of all attributes increases together with the input
value. However, few differences may be highlighted: in the BS1, A.5 presents the highest sensitivity
together with A.1 while for BS2, the A.5 sensitivity drops down to the lowest value together with A.2.

736 ICED21

https://doi.org/10.1017/pds.2021.73 Published online by Cambridge University Press


https://doi.org/10.1017/pds.2021.73

The reason lies in the A input and A output values obtained by opposite input values (1 for BS1; 5 for
BS2) and different CDfA final score values (2,32 for BS1; 3,68 for BS2). Moreover, the sensitivity
varies for all attributes, according to the input value. For instance, looking at BS2, the sensitivity for
A.l is 6% when the input is 1 and increases to 8% when the input is 5. This trend is shared by all
attributes and it is justifiable by analysing the RMS operator; in fact, it is a non-linear operator.
Another interesting result is obtained by looking at the distribution of each attribute, even though all
attributes present in the domain have the same range of input values (i.e., from 1 to 5) they have
different sensitivity values. For instance, in the case of BS2 - Galley B, when the input is 2, the A.5
has a sensitivity of approximately 2% while A.4 presents a sensitivity of approximately 4%. The
reason lies in the input baseline values which are different for the two attributes.

Mechanical Domain Mechanical Domain
8% 8%

7% 7%

Sensitivity
Sensitivity

3% Al +A3
A
2%
-+A5 ®A2
1%
A4
0%
1 2 3 4 5 1 2 3 4 5
Input Value Input Value

Figure 7. Sensitivity results of BS1 - Hat Rack A (left) and BS2 - Galley B (right); mechanical
domain attributes; run |

Finally, plotting together the results for the mechanical domain and the furnishing domain (Figure 8)
which used the same mathematical operator (RMS) it can be observed that attributes (A.6 and A.7)
within the second domain (furnishing domain) have in general higher sensitivity than the attributes
(A1, A2, A3, A4 and A.5) within the first domain (mechanical domain). The reason lies in the
number of attributes presents in each domain; indeed, the furnishing domain collects two attributes
while the mechanical domain presents five attributes. Less attributes means that each of them has a
greater impact on the overall domain score and then the final score. These two results lead to
important consequence when the CDfA model is created: the more attributes are clustered together
inside a domain, the less each attribute will contribute on the overall score. The same results are
obtained repeating the analysis for the handling domain.

Furnishing Domain & Mechanical Domain Furnishing @ Mechanical

nnnnnnnnnnnn
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®
[ ]
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L ]
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Figure 8. BS2 - Galley B; furnishing & mechanical domain attributes; run |
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The second analysis was run to understands the sensitivity of the CDfA results when the Mean
operator is used to collect data inside a domain. Again, within the specific case of the cabin, Mean
operator replace RMS operator for three of the four domains (mechanical, handling and furnishing).
Results highlight that in case the Mean operator is chosen all attributes inside a domain have the same
sensitivity value regardless the input values (i.e., baselines). In fact, the Mean operator is a linear
operator and the sensitivity for an attribute (angle between Final Result and A Input) remains constant.
In Figure 9 is shown the comparison of the sensitivity for mechanical domain attributes between the
two baselines (BS1 Hat Rack A (left) and BS2 - Galley B (right)), when the Mean operator is used.
Both analyses show a sensitivity of 5% regardless the baseline.

Mechanical Domain Mechanical Domain
6% 6%
5% M 3 = X » 5% # X & X
4% 4%
=, >
£ £
: S
S 3% 2 39
< =
& &
2% Al +A3 2% Al -+A3
» AA5 @A2 . AA5 8A2
6 3
AL A4
0% 0%
1 2 3 4 5 1 2 3 4 5
Input Value Input Value

Figure 9. Sensitivity results of BS1 - Hat Rack A (left) and BS2 - Galley B (right); mechanical
domain attributes; run I

As already shown for the RMS operator, when more attributes are collected inside a domain, the
sensitivity of each attribute decrease. This trend is confirmed by the results plotted in Figure 10.

Furnishing Domain & Mechanical Domain Furnishing @ Mechanical
Domain Domain
12% A6
AT
10%
A5
= A4
= A3
T A2
o 6%
K Al
® ° e S ®
2%
0%
1 2 3
Input Value

Figure 10. BS1; Mechanical & furnishing domain attributes; run I

For the CDfA method applied to the Cabin case study, the system interface domain requires a
separated analysis, due to the mathematical equation used to collect attributes inside this domain. In
fact, by running the SA, results shown in Figure 11 are obtained.

738 ICED21

https://doi.org/10.1017/pds.2021.73 Published online by Cambridge University Press


https://doi.org/10.1017/pds.2021.73

System Interface Domain

Sensitivity

A8
% A9
A.10
—-—A.11
1 2 3
Input Value

Figure 11. BS1; System interface domain attributes; run I, run II

The mathematical equation used to collect scores inside the system interface domain was obtained
through engineering consideration. The sensitivity for each attribute shows a random result that does
not resemble any specific trend. All attributes present different sensitivity value according to the input,
in fact the used equation is not linear. Moreover, A.8 and A.11 increase their sensitivity with the input
value indeed in equation (1) they are both at the numerator, while A.9 and A.10 decrease their
sensitivity with the input, in fact they are at the denominator in equation (1). This is another interesting
outcome for the development of specific equations that can be used to couple different parameters
(attributes) belonging to the same domain.

5 CONCLUSION

The proposed analysis demonstrated that when product architectures are modelled according to the
CDfA framework (i.e., levels, domains, and attributes), the process shall be considered carefully to
avoid the use of meaningless attributes. The paper focuses on the study of attributes sensitivity,
through the application of a sensitivity analysis method (i.e., OFAT method) which consists of
changing one attribute value at time, keeping other fixed. Attributes were collected inside domains
using two mathematical operators (i.e., Mean and RMS) and another equation derived from
engineering consideration. Moreover, the analysis was repeated for two different baselines. The
obtained results showed that: i) the use of the Mean operator to collect attributes inside a domain
allows to obtain constant sensitivity for all attributes regardless the baseline, ii) the use of RMS
operator to collect attributes inside a domain gives different sensitivity results according to the
baseline, and iii) the use of ad-hoc mathematical models might lead to inconsistent results.
Furthermore, by increasing the number of attributes collected within a domain, the sensitivity of each
attribute decreases. However, the proposed analysis presents some shortcomings: the OFAT method
does not consider attributes interactions, and, if it is used to estimate sensitivity of models with
attribute interactions may lead to different results (e.g., equation used to model the system interface
domain). In these cases, other SA methods shall be considered (i.e., global approaches). Moreover, the
analysis was performed using a one-level model, thus attributes sensitivity when more than one levels
are present were not investigated. If more than a single level is considered, it is reasonable to assume
that attributes belonging to lower levels will affect the overall CDfA less, since their effect will be
flattered by more computation steps. Further investigation will be performed on this aim. Thus, future
developments will require the repetition of the analysis using different SA methods and the study of
more complex CDfA models (i.e., more than 1 level). Finally, other mathematical models other than
Mean operator and RMS may be considered inside the analysis.
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